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Cell migration is an important physiological process, which is involved in cancer

metastasis. Therefore, the investigation of cell migration may lead to the development

of novel therapeutic approaches. In this study, we have successfully developed a

microsystem for culture of two cell types (non-malignant and carcinoma) and for

analysis of cell migration dependence on distance between them. Finally, we studied

quantitatively the influence of photodynamic therapy (PDT) procedures on the

viability of pairs of non-malignant (MRC5 or Balb/3T3) and carcinoma (A549)

cells coculture. The proposed geometry of the microsystem allowed for separate

introduction of two cell lines and analysis of cells migration dependence on distance

between the cells. We found that a length of connecting microchannel has an

influence on cell migration and viability of non-malignant cells after PDT procedure.

Summarizing, the developed microsystem can constitute a new tool for carrying out

experiments, which offers a few functions: cell migration analysis, carcinoma and

non-malignant cells coculture, and evaluation of PDT procedure in the various steps

of cell migration. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4771966]

I. INTRODUCTION

Cell culture techniques that mimic in vivo conditions are very important in biological and

biochemical research.1 Microsystems have now become accepted tools used for fundamental

biological studies as they enable one to perform highly controlled in vitro experiments. A num-

ber of devices for the cell cultivation, lysis, single-cell analysis, and cell based toxicity tests

are reported.2–6 In microsystems, cells can be easily manipulated and cellular environment can

be precisely controlled.7,8 There is a wide range of materials from which microsystems can be

fabricated depending on their application: polymers, glass, silicone, paper, as well combinations

of these materials (hybrid systems).9,10 The most important parameters, which must be consid-

ered when the appropriate material is being chosen are: biocompatibility, surface chemistry,

optical and electrical properties, cost, easiness of method for fabrication and integration. Micro-

fluidic devices have many advantages, i.e., miniaturisation of cells assays and precise control of

cellular environment. Microscale systems dedicated for cell and tissue engineering enable con-

trol of temporal and spatial resolution, which is important in cells studies. These systems create

the ability to control a cellular microenvironment including the supply and transfer of media,

buffers, and waste products, which mimic the human circulatory system better.11

In the native environment, cells strongly interact with the extracellular matrix and adjacent

cells. Directed cell migration is an integrated process essential for development, growth, and

life of cells. Moreover, cell-cell and cell-microenvironment interaction are crucial for various

biological functions. The understanding of cells’ interaction and migration mechanism is essen-

tial for elaboration of new anticancer therapies and drugs.12 Cell migrations or communications
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with other cell types are especially important when one wishes to examine cells culture

in vitro, which reacts in the same way as components of tissue and organs.13–15 Moreover,

development of new anticancer methods requires the investigation of communications between

non-malignant and carcinoma cells. Cell movement during cell migration can be driven by

chemical gradients (i.e., chemotaxis)16–20 or physical parameters, i.e., mechanical stimulation,

magnetic fields, and electric fields (i.e., electrotaxis).21–24 Microsystems are valuable tools for

chemotaxis and electrotaxis studies due to the possibility of precise configuration of chemical

gradients and direct current electric fields generation (dcEF). Various gradient-generating

microscale devices have been applied to chemotaxis research.25,26 Moreover, microfluidics-

based migration research for different cell types towards electric fields was performed.27–29

There is also an example of a device for studies of cell migration in co-existing chemical gra-

dients and electric fields.30 In spite of the fact that there are many examples of microdevices

for observation and monitoring of cell migration in 2D and 3D cultures31 and for evaluation of

photodynamic therapy (PDT) efficiency,32,33 there is no example of a device applied for cell

migration studies and also for PDT efficiency investigation. Migration of the cells can also

have an influence on the efficiency of PDT procedure. Therefore, it is important to test the

interaction between non-malignant and carcinoma cells cultured in coculture and to assess/eval-

uate the effectiveness after PDT procedure. It can mimic in vivo conditions during the PDT

treatment. PDT procedure requires administration of a non-toxic photosensitizing substance

(pre-formed photosensitizer or precursor of photosensitizer), which accumulates primarily in the

carcinoma cells. After that, the cells are irradiated with light of wavelength that is absorbed by

the photosensitizer. The excited photosensitizer generates the reactive oxygen species (ROS),

which are toxic to the cells.34–36 5-aminolevulinic acid (ALA) is an often-investigated precursor

of a photosensitizer. When the exogenous ALA is administered, it penetrates into all cells,

where it is metabolized into an active sensitizer PpIX. However, a higher activity of enzymes

in the tumour than in the non-malignant cells leads to a higher PpIX accumulation in these

cells. Finally, PpIX is present in a lower concentration in the non-malignant than in carcinoma

cells.37,38 The comparison of the toxic effect after PDT between non-malignant and carcinoma

cells is important, because the selectivity of the method is essential for effective anticancer

therapy. These tests were performed using classical methods (96-well plates)39 and using the

microfluidic system.33 The previously designed microfluidic system was used for the examina-

tion of PDT procedure on the non-malignant and carcinoma cells cultured in the separated and

the “mixed” culture. However, the influence of migration was not controlled.

Integration in the microfluidic system of functions such as: migration analysis, coculture

formation, and PDT procedure performance enabled evaluation of PDT procedure in conditions

that mimic cellular environment better than a classic cell monoculture. The aim of the research

was to check whether the presence of another cell type would enhance/weaken the viability of

a cell line and to observe if cells’ migration would appear. Our device enables the evaluation

of PDT therapy effectiveness influenced by the presence of two types of cells (non-malignant

and carcinoma cells). In our system, both types of cells grow in separated microchambers con-

nected by microchannels. The special architecture of the microsystem enabled examination of

how intercellular signals contribute to cellular communities. It was found that medium exchang-

ing and death signals, which can be released by either cell type40 (in the connecting microchan-

nel region), influence the efficiency of the PDT procedure.

II. MATERIALS AND METHODS

A. Biological material

The A549 (human lung carcinoma cell line), MRC5 (human fetal lung fibroblast cells),

Balb/3T3 (mouse embryonic fibroblast cell line) were used as the model cells for experiments.

The cells were obtained from European Type Culture Collection (EATCC). Cells were cultured

in MEME supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% streptomycin

and penicillin, and 2 mM L-glutamine. The cells were cultured at 37 �C in a humidified atmos-

phere including 5% CO2.
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B. Microfluidic device preparation

The microfluidic system for carcinoma and non-malignant cells migration analysis consisted

of two layers: polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) and a glass plate

(76 mm� 26 mm� 1 mm, Helmand). The geometry of the microsystem was designed using

AutoCAD and the design was printed on a transparency mask by a high-resolution printer (3600

DPI). The geometry of the microsystem contains: a microchannels’ network (a width—100 lm,

a height—50 lm) and five pairs of microchambers connected with additional microchannel.

Moreover, at the end of the microchannels’ network, a common microchamber was placed

(Fig. 1). The arrangement of the microchannels’ network on the plate creates a V-shaped struc-

ture. Furthermore, each pair of microchambers is connected with an additional microchannel (a

length of 300 lm, 200 lm, 100 lm, 80 lm, 30 lm, respectively). They were designed for migra-

tion analysis of cells cultured at different distances. A width and a height of all connecting

microchannels were the same, it equals 200 lm and 30 lm, respectively. In turn, the common

microchamber was designed to obtain an automatically mixed culture of two cell lines side by

side culturing in the same microchamber. In Fig. 1, on the enlarged part of the microsystem

dimensions of the microstructure are also shown. Moreover, a cross section scheme of the pair

of microchambers is presented. The geometry of the microsystem consists also of two independ-

ent networks of microchannels with different sizes of microchambers (with a diameter of 1 mm

and 500 lm). It was designed for monitoring of the growth and migration of two cultures in dif-

ferent conditions (different value of surface area to volume ratio—SAV) simultaneously.

The fabrication process of the microsystem includes two parts: the development of micro-

structures (a) in PDMS and (b) in the glass plate. The pairs of microchambers were fabricated in

the hydrophilic glass plate, because it assured a site for good adhesion and proliferation of adher-

ent cells. The chambers etched in the glass (a diameter of 1 mm, a depth of 30 lm) provided

FIG. 1. The geometry of the multi-function microsystem for cells migration analysis and evaluation of PDT procedure. On

the enlarged part of the microsystem, the important dimensions of the microstructure are also shown. Dimensions of the

microchannels (V-shaped structure) obtained in the PDMS equal: a height of 50 lm, a diameter of 100 lm. In the glass

were obtained: microchambers (a diameter of 1000 lm, a height of 30 lm) and connecting microchannels (a width—

200 lm, a height—30 lm). A length of connecting microchannels equals—300 lm, 200 lm, 100 lm, 80 lm, 30 lm, respec-

tively. The cross section scheme of the pair of microchambers is also presented.
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good cells adhesion conditions and minimised the hydrodynamic stress caused by the medium

flow over the cell culture. Moreover, the connecting microchannels were designed in the glass.

Thus, no reservoir edge in the glass existed; therefore, it did not impede migration. In turn, the

microchannels (with a V-shaped structure) were designed to provide cells and medium dosage

into the cell microchambers. Microstructures in PDMS were obtained using photolithography and

replica moulding techniques, which were used in the preceding work.33,41 Finally, 1.3 mm diame-

ter holes for tubings were drilled in the PDMS plate. The microchambers with five connecting

microchannels were fabricated in the hydrophilic glass plate using photolithography and the wet

etching method.33,41 Finally, the PDMS plate with microchannels network and access holes was

bonded with the glass plate using surface plasma activation (Plasma Preen System, Inc., II 973).

C. Cell culture and cells migration analysis

The fabricated microdevice was sterilized under ultraviolet light and by flushing with 70%

volume ethyl alcohol for 20 min. After that, the medium was introduced in the microfluidic sys-

tem. Syringe pumps (NE 1000 New Era Pump Systems Inc.) were used for introduction of all

fluids and cells. After culture medium introduction, the microsystem was placed in incubator

(5% CO2, 37 �C) for 2 h. The proper condition for adherent cell culture was, thus, ensured.

Next, the cell suspensions of 1� 106 A549 cells/ml, 1� 106 MRC5 cells/ml, and 1� 106 Balb/

3T3 cells/ml were prepared. The A549 with MRC5 and A549 with Balb/3T3 cells (in two inde-

pendent tests) were introduced in the microchambers through two inlets of one microstructure

with a flow rate of 20 ll/min. The sealed microfluidic device was placed in the incubator at

37 �C and 5% CO2. The medium in the microchambers was replaced every 24 h (with a flow

rate of 1.2 ll/min for 20 min) to maintain suitable conditions for cell culture. The temperature

of the microsystem was controlled by use of a heated microscope table. The A549, MRC5, and

Balb/3T3 cells were cultured over 48 h. Cell migration between two microchambers was

observed, using an inverted fluorescent microscope (Olympus IX-71) connected with a CCD

camera. Moreover, in the independent tests, the cell trackers were used to mark non-malignant

and carcinoma cells. For this purpose, CellTrackerTM Red CMTPX and CellTracker Green

CMFDA (Invitrogen) for MRC-5 (or Balb/3T3) and A549 cells staining were used, respectively.

Solution of CellTrackers was prepared according to the producer’s instructions. The above tests

were performed in order to show that two types of cells are not mixed during the cells seeding.

Details of this part of the research were described in the supplementary material.42

D. PDT procedure in multi-function microsystem

ALA (Sigma-Aldrich) was used as a precursor for the photosensitizer—PPIX. The samples

of 0.75 mM ALA were prepared in the culture medium without FBS. PDT procedure in micro-

scale was elaborated in the preceding work.33 Briefly, 48 h after cells seeding (A549-Balb/3T3

and A549-MRC5) in the fabricated microsystem (when migration was observed), the cells were

rinsed with PBS at a flow rate 1.2 ll/min for 10 min. Next, the cells were incubated with

0.75 mM ALA solution and then the microsystem was placed for 4 h in the incubator. This time

of incubation is necessary for selective penetration of exogenous ALA into the carcinoma

cells.43 After that, the cells were washed with PBS with a flow rate of 1.2 ll/min for 10 min.

This PDT procedure step was performed under a microscope. At the end, the microdevice was

exposed to the light generated by a LED (a distance 10 mm, time 60 s, k¼ 625 nm, energy dose

30 J/cm2, a bandwidth of a LED 25 nm). After irradiation, a fresh medium containing 10% (v/v)

FBS was introduced into the microsystem and the microchip was placed in the incubator for

2 h. The PDT procedure in details was presented in our previous work, so here only short

description of this method was added.33

E. Viability tests and data analysis

To evaluate the toxic effect after PDT in the microsystem, calceine AM (CAM) and propi-

dium iodide (PI) were used. 1 ll of 2 mM calceine AM (Sigma Aldrich) and 50 ll of 1 mg ml�1
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propidium iodide (Sigma Aldrich) in 0.5 ml of culture medium were used. The fluorescent dyes

were introduced in the microstructure at a flow rate of 1.2 ll/min for 20 min. Calceine AM pen-

etrates into the living cell through the cell membrane and gives a green fluorescence, while pro-

pidium iodide combines with the nucleic acids of necrotic cells and gives a red fluorescence.

For each microchamber, three images were recorded at 10� magnification using an inverted flu-

orescent microscope. The number of dead cells was determined by counting the number of

green (corresponding to live cells) and red (dead cells) objects with image processing software

(cellSens Dimension, OLYMPUS). Experimental data are expressed as mean 6 standard devia-

tion (SD) from at least three independent experiments.

III. RESULTS

A. Fabrication result of the microsystem

Photolithography, replica moulding, and wet etching technologies were used to successfully

fabricate the microsystem. The microstructures obtained in the PDMS and glass plates were

checked using an electron microscope (Hitachi TM-1000) and a confocal laser microscope

(LEXT OLS3100 Olympus) (Fig. 2(a)). It was found that the microstructures dimensions corre-

spond to the photomask design.

The aim of our work was to fabricate the microsystem allowing for automatic and separate

introduction of non-malignant and carcinoma cells into the microchambers. Moreover, the fabri-

cated microsystem should provide analysis of migration of cells between cultured cells. The

designed microsystem fulfilled these assumptions. Prior to cell loading, the flow through the

microdevice of two different solutions was analysed. It was studied in order to verify the geom-

etry of the microsystem, which must be appropriate for separate introduction of non-malignant

and carcinoma cells. The aqueous solution of fluorescein (Fluka) was prepared with the concen-

tration 3� 10�4 M. The fluorescein solution and distilled water were introduced into the micro-

device (filled with water) through the inlets, with a flow rate of 20 ll/min each. Fluorescence

intensity was measured for each microchamber during a flow rate. Image analysis was per-

formed using an inverted fluorescent microscope (Olympus IX71) with an integrated CCD cam-

era. Figure 2(b) shows the microchambers with the two introduced solutions showing both

introduced solutions flow separately through the channels (without mixing). Based on images

analysis, these flows of introduced solutions were confirmed. In the common microchamber,

both fluorescein solution and water were placed. Fluid flow in the designed structure was also

simulated by computer modeling using MEMS Module of COMSOL MULTIPHYSICS software. The

results of computer modeling of fluid flow in the microchannels show that the solution can be

introduced in the microsystem without mixing in connecting microchannels. The experiment

confirmed proper microchannel geometry of the designed microchip. Therefore, it was expected

that during the introduction of non-malignant and carcinoma cells to the microsystem, they

shall not be mixed and shall be placed in separate microchambers for culture.

B. Cell culture in the microsystem

In this paper, A549, MRC5, and Balb/3T3 cell lines cultured in the microfluidic system for

cell migration are presented. The migration between cells is dependent on the type of the cells.

Therefore, two pairs of non-malignant and carcinoma cells were used: A549 with MRC5 and

A549 with Balb/3T3. The carcinoma (A549) and non-malignant (MRC-5 or Balb/3T3) cells

were seeded (through inlets) in the appropriate microchambers without affecting each other.

Cells were introduced in the microsystem previously filled with culture medium. Due to this,

all of the connecting microchannels remained unfilled with cells. The microchambers with

A549 and MRC5 cells after introduction are shown in Fig. 3(a). The suspension density of both

cell lines and a flow rate used for cell docking in microchambers enabled introduction of the

cells to each culture microchamber in a sufficient amount for future culture. Moreover, the

seeded cell density allowed maintenance of cellular interactions (between the same cells) to

ensure proper cell growth (Fig. 3(b)). In the last microchamber, both of the tested cell lines
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were cultured together. The final effect was monitored—viability of the cells—after PDT proce-

dure. The same culture conditions of both cells and interchange of signal(s) released by either

cell type influence on growth of the cells were tested. Microchambers with cells stained with

CellTrackers are shown in the supplementary material.42

Cells’ adhesion and proliferation were observed within 48 h after seeding. It was investi-

gated to ensure that the geometry of the microsystem and the applied procedures did not cause

hydrodynamic stress for the cells cultured in the microchambers. After the introduction of fresh

medium, the cells in the microchamber were adhered to the glass. A flow rate of the introduced

medium did not influence the morphology and growth of cells. 24 h after cells’ seeding cell

migration was observed. At first, cells of the same line moved together, then migration to the

other cell type was observed (cells appeared in the connecting microchannels). Two different

cells cultured separately can migrate in the special fabricated connecting channels. After 24 h,

mainly Balb/3T3 cells migrated along connecting microchannels (A549-Balb/3T3 cell pair).

Individual A549 cells were adhered in connecting microchannels. In the case of the second

cell pair (A549-MRC5 cell pair), only isolated MRC5 cells migrated in the connecting

FIG. 2. (a) A photographs of (1) the designed and fabricated microsystem for carcinoma and non-malignant cells migration

analysis, (2) the microchannel fabricated in the PDMS plate (Hitachi TM1000), and (3) the microchambers developed in

the glass (LEXT OLS3100 Olympus). (b) Tests of solution flow—pairs of microchambers during the introduction of fluo-

rescein solution and distilled water. At the end simulation of flow rate of two introduced substances through microchambers

(COMSOL MULTIPHYSICS) are presented.
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microchannels. It has been found that after 24 h culture, cells migrated only in the shortest

distance between microchambers. Fig. 4 shows the microchambers (a length of connecting micro-

channels—30 lm) with two different cell pairs (A) A549 - MRC5 and (B) A549 - Balb/3T3.

Both of the cell pairs are very well adhered to growth surface. One can also observe that the

non-malignant cells (MRC5 and Balb/3T3) migrated along the connecting microchannel.

These experiments confirmed that appropriately designed microchannel geometry enables

simultaneous migration analysis of non-malignant and carcinoma cells whereas in cells’ micro-

chambers arranged at different distances this was not evident. It is an advantage, distinguishing it

from macroscale, where usually definition of the distance between two cell types cultured together

is not possible. The above studies confirmed that the microsystem can be used to analyse the

migration of non-malignant and carcinoma cells cultured separately and connected by a micro-

channel. It was also investigated that the dimension of microchambers (500 or 1000 lm) did not

FIG. 3. The MRC5 and A549 cells cultured in the microchambers with connecting microchannels for migration analysis

(a) after cells introduction and (b) 24 h after cells seeding (microchannels length: 300, 200, 100, 80, and 30 lm, respec-

tively). The last microchamber is common for both cell lines, a coculture was formed.
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have influence on the cells’ growth and migration. The geometry of the microsystem also enables

the exchange of medium from non-malignant and carcinoma cells. It can influence the cell

growth. 48 h after cells seeding, the viability of cells was analysed. Both cell lines were still pro-

liferating, growing, and maintaining their basic life functions. The cells were still attached to the

hydrophilic glass substrate. Therefore, the proposed cultures were used to test PDT procedure.

C. Effectiveness of PDT procedure

In clinical application, PDT is effective when it is selective only towards the tumour cells.

Obviously, concentrations of a photosensitiser, duration of ALA exposure to the cells, and also

the exposure time and dose of light have a significant influence on the viability of the cells.

PDT procedure must be optimised so that the non-malignant cells remain alive. Therefore, it is

important to perform tests related to the evaluation of the toxicity of PDT procedure in the

same conditions on non-malignant and carcinoma cells. An alternative tool is proposed, which

enables simultaneous testing of PDT procedure using different cell lines, during the different

steps of migration. Two pairs of the cells, selected for the investigation, constituted a good

model, because they represented non-malignant and carcinoma cells. First, the cultured pair of

A549-Balb/3T3 cells was selected as a good adherent cell model used in our previous tests.33

FIG. 4. (a) Culture of MRC5 (left microchambers) and A549 (right microchamber) cells 24 h after seeding. (b) Culture of

Balb/3T3 (left microchambers) and A549 (right microchamber) cells 24 h after seeding (the connecting microchannel with

a length of 30 lm). Pictures show that all of the cultured cells are very well adhered to the growth surface. It indicates that

the culture of two types of cells and medium exchanging along connecting microchannel not influence the viability and

growth of these cells. Moreover, it was observed that 24 h after cells seeding, non-malignant cells grow in the shortest con-

necting microchannels. Type of the cells was distinguished based on their morphology. However, in the independent tests,

cell trackers were used to mark two types of cells (see supplementary material42).
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In turn, A549-MRC5 cells were derived from the same organ. It mimics growth and communi-

cations between carcinoma and non-malignant cells present in a living organism. First, the toxic

effect after PDT procedures (with ALA) on the separated Balb/3T3, MRC-5 and A549 cell cul-

ture was investigated. It was proved that the usage of 0.75 mM ALA for PDT caused death of

95% of carcinoma A549 cells, whereas only 5% of MRC-5 and 10% of Balb/3T3 non-

malignant cells were killed. These tests confirmed that the used PDT parameters had a toxic

effect mainly on the carcinoma cells. Non-malignant cells were still alive during exposure of

the same PDT parameters.

Next, influence of the cells migration and medium exchanging in connecting microchannels

on the viability of the A549-MRC5 and A549-Balb/3T3 cells after PDT procedure was studied.

It was observed that the exchange of nutrient between both types of cells has an effect on the

viability of non-malignant cells. After the viability test (with calceine–AM and propidium

iodide), non-malignant cells (Balb/3T3 or MRC-5) were still alive in the microchamber con-

nected by long microchannels, whereas carcinoma cells (A549) were dead. In Fig. 5, the

FIG. 5. The MRC-5 and A549 cells cultured in the microchambers after PDT procedure and viability test. Viability is

examined after LIVE/DEAD cell staining with PI and CAM. For each ALA concentration, three images of the interested

area were taken at 10� magnification using a fluorescent microscope. Cell viability was determined by counting the num-

ber of green objects (corresponding to live cells) and red (dead cells) with an image processing software (cellSens Dimen-

sion, Olympus).
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viability test with calceine AM and propidium iodide on MRC-5 and A549 cells after PDT pro-

cedures is shown. MRC5 cells were alive in pairs of microchambers connected with microchan-

nels with a length of 80–300 lm. It was observed that the number of dead non-malignant cells

in the shortest connecting microchannel (30 lm) and the common microchamber was the high-

est. Cell numbers in the common microchamber (distinction between the non-malignant and

carcinoma cells) were determined based on the morphology of non-malignant and carcinoma

cells. Moreover, during the introduction of cells into the microsystem, they were tracked with

CellTrackerTM Red CMTPX (MRC-5 or Balb/3T3 cells) and CellTracker Green CMFDA (A549

cells). The tracking enabled confirmation of proper seeding of cells in the suitable microcham-

bers and also calculation of the number of each type of cells in the common microchamber.

The same tendency was observed for both cells pairs: A549-Balb/3T3 and A549-MRC5

(Fig. 6). The number of live cells increased with the length of the connecting microchannels.

Non-malignant cells (in both tested cells pairs) were alive in microchambers with connecting

microchannels of lengths of 200 and 300 lm. The number of live cells equals 95.4 6 6.5,

91.3 6 4.3 (for MRC5 cells), and 93.7 6 3.8, 90.7 6 5.7 (for Balb/3T3 cells) in sequence for

microchannels with lengths of 200 and 300 lm. In the common microchamber for both tested

cell pairs, the highest toxic effect was observed. Viability of cells equals 28.7 6 7.9 for MRC5

cells and 10.0 6 7.3 for Balb/3T3 cells. In this microchamber, a coculture was created during

cell seeding. Communication between these cells was the strongest, because they grew directly

next to each other.

Probably, reactive oxygen species, which were produced by the carcinoma A549 cells,

have a toxic effect also on non-malignant cells cultured in the microchambers placed in com-

mon microchamber. However, due to limited lifetime of ROS, it is rather impossible that

ROS would diffuse through the connecting microchannel. For example, the distance diffused by

the reactive intermediate, mainly 1O2, causing the photodegradation was estimated to be on the

order of 0.01-0.02 lm, which corresponds to an intermediate lifetime of 0.01–0.04 ms in the

cells44–47 The higher death rate for short connection channels is due to the release of death sig-

nals from the dying A549 cells (i.e., TNFa factor).40,48 Moreover, it was observed that cell

viability is dependent on the type of cell pair. For A549-Balb/3T3 pair, the number of dead

non-malignant cells was higher than for A549-MRC5 cells. The highest difference of the num-

ber of dead cells was observed for microchambers connected to the microchannels with lengths

of 80 lm and 100 lm. Here, the viability of MRC5 cells (A549-MRC5 pair) was, respectively,

three times and twice the viability of Balb/3T3 cells (A549-Balb/3T3).

In the preceding work,49 it was proved that the PDT procedure performed on the “mixed”

culture caused the number of dead cells to be the highest in the culture with the higher density

FIG. 6. The number of dead non-malignant cells (MRC-5 and Balb/3T3) in each of the microchambers.
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of the carcinoma cells. Here, there is the same cell density but different distances between non-

malignant and carcinoma cells. It was proved that the PDT procedure has no toxic effect on the

non-malignant cells in the separate cultures, however, a toxic effect was observed in cultures

where medium and factors exchange are possible. Carcinoma (A549) cells produce death sig-

nals, which can have toxic effect also on the non-malignant cells, cultured in the same environ-

ment, connected by a short microchannel. Examination showed that the number of dead cells

after PDT is dependent on the type of cell culture. Besides advantages resulting from the minia-

turisation, the usage of the microsystem enabled comparison and testing of PDT procedure on

the non-malignant and carcinoma cells cultured in the same conditions, placed in the microchip

in a controlled manner. Special geometry of the microsystem enabled evaluation of difference

in the cells viability after PDT procedure resulting from the distances between non-malignant

and carcinoma cells. In this stage of the research, it was investigated whether the presence of

carcinoma cells in the culture has an influence on the viability of non-malignant cells. It was

indicated that their viability was dependent on the distance between both types of cells. In

future work, it is intended to determine the type and concentration of death factors, which can

be produced by carcinoma cells.

IV. CONCLUSIONS

We developed the new multi-function microsystem for simple cell lines introduction and

cultivation of two adherent cell types. Special connecting microchannel geometry allows for pre-

cise cell lines deposition in microchambers. Transparent material chosen for system fabrication

enables cell coculture observation. In the proposed device, continuous media exchange can be

realized. The microchannel geometry allows for cells interactions assisted by common medium

and close distance between two types of cells. In our opinion, a cell coculture microsystem

based on non-malignant and carcinoma cell lines is a useful device for anticancer drug studies

and therapies as well as for fundamental studies of cells interactions (observation of proliferation

and growth changes). The proposed multi-function microfluidic system for cell culture is a con-

venient tool for cell-based applications such as cell migration studies, toxicological test as well

as new drug and evaluation of how the presence of another cell type has influence on cells via-

bility after PDT procedure. Finally, the microsystem can have numerous applications in the

study of a new photosentitizers and parameters of PDT procedure on the cells (during the migra-

tion of various cells under precisely controlled conditions and coculture formation).
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